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SECTICN 1

FOREWORD

This report covers the qualification of the RA-3 and RA-4 Lunar
Capsule spin motor. Qualification tests of the RA-3 motor are in accord-
ance with Test Plan B-2 and Acceptance C-4. Qualiticaticn of the RA-4
motor followed an engineering p.oduct improvement effort and is in
gccordance with Test Plan B-29 and Acceptance C-26.

Becauge of the compressed schedule on which this werk was done,
the test programs tend to merge and to resemble a development effort. As
a result, althuugh a total of only 24 tests were scheduled for qualifica-
tion of RA-3 and RA-4 spin motors, about 40 {irings have been made since
the start of RA-3 qualification. Data from 34 of these tests are directly

applicable in prediction of flight motor performance and are included in
this report.
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SECTION 2

CONCLUSIONS

Qualification tests of the spin motor are completed. Signif-
icant performance characteristics, total impulse, burning time, and torque
vector alinement are well within system requirew 1ts. No failures or
irdications of failure have been observed. The spiu motor is considered
qua.rfied for flight.
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SECTION 3

SUMMARY

R
/ '3 g /7
3.1 RA-3 QUALIFICATION, TEST PLAN B-Z '

A total of 17 spin motors were fired to qualify the basic design

configurdrion of the RA-3 motor. (Thesez runs, 104 through 182, are shown
in Table V.) Minor design changes were msde during the qualification
pregram. These changes “id nc. affect the basic performance of the motor
but did improve the spurious torque characteristics. Of the tctal, 5
motors of the final flight configuration were tested; spurious torque
information 1s based on these. For other characteristics, inciuding
primary torque impulse, specific impulse, burn time, and reliability,

all firings which simulate flight conditions are considered. Signifi-
cant data are summarized in Table I. Test runs used in determining the
values of the various parameters are listed and explained in Table VI.

TABLE I

RA-3 SPIN MOTOR QUALIFICATION TEST DATA

| Number of

Farameter ata Poin*s Minimum Maximum Average
Tip-off angle ortho- 5 0.0048 0.0i85 0.0110
gonal vector (rad)
Cross axis velocity 5 43 165 38
{fp
Specific impulse (sec) 12 166 203 179
Bura time to 5 percent 13 1.25 1.44 1.34
torque (sec)
Capsule roll rate 13 246.25 3C.39 26.85
(rad/sec)

-3~



3.2 RaA-4 QUALIFICATION, TEST PLAN B-29

A total of 18 spin mctors of substancially the flight configur-

ation of *he RA-4 motor were fired during the design and qualification
programs. These are runs 214, 218, and 230 through 274. Of these, 4
were fired in the gas dynamic fixture, and 14 in the torque fixture.
second arbitrarv division separates the tzsts into 13 qualification
firings and 5 experimental firings.

0f the total number of motors fired, 7 @motors cf exactly the
flight configuration wera tested on the torque fixture from which the
MOCLOr Spuricus torque (haiacteristics can be isclatad. On gas dynamic
fixture tests, the effective tip-~off angl~ 1s partially dependent on
other effects; therefore, these results are tabuleted separately. Twvo
of the qualification firings and the experiments’® motors differed in

minor detail from the flight motors,as are descr.ved later in this report.

For the other performance characteristice, all firings and aignificant
data are summarized in Table 1I1I. Test runs used in determining the

values of the various parameters are listed and explained in Yable VII.

TABLE II1

RA-4 SPIN MOTOR QUALIFICATION TEST DATA

Test Number of T

Parameter Condition Data Points | Minimum | Maximum j Avera-e
Tip-off angle Spin motor only 6 0.0012 0.0080 0.0048
orthogonal in torque fix-
vector {rad) ture Nozzle

Tool No. 1
Cross axis 6 11 71 43
velocity (fps)
Tip-off angle Gas dynamic 2 0.0040 0.0109 0.0075
orthogonal fixture w/o
vector (rad) spin restraint
Cross axi- 2 36 97 67
velocity
Tip-off angle Gas dynamic 3 €.0017 0.0047 0.0032
orthogonal fixture with
vector (rad) spin restraint
Cross axis 3 15 42 29
velocity (fps)
Specific impulsﬁ All motors con- 12 204 210 208
(sec) ditioned at

vacuum ard con-

stant temp
Burn time to 5% | for 66 hours 12 1.10 1.19 1.14
torque (sec) or more.
Cepsule roll 12 31.89 33.75 32.79

_xate (xad/Rec)
by



SECTION &

TEST PROCEDURE

4.1 ENVIRONMENTAL PRE-CONDITIONING

The qualification tests followed the procedure specified
in Test Plans B-2 and B-29. Some modifications in preconditioning
of the motors were made as the test program progressed. The precise
preconditioning received by each of the motors is shown in Table III.

To simplify the testing program, a portion of the grain
qualification was accomplished in the igniter qualification program,
which was run concurrently. The igniter grain sets were used to
qualifv the motor for exposure to formalin as used for sterilization
in moror assembily and ethylene oxide as used in the final spacecraft
sterilization. Detajiled information concerning the igniter-grain tests
are included in report LC(d)-433; general information ia included in
this report to summarize the motor qualification parame:ers.

During the RA-3 qualification, it was found necessary to
remove the mylar diaphragm over the grain end to eliminate & large
spurious torque transient for the first 300 msec of burning. Sub-
sequent development tests showed the neceasity for maintaining the
re.dative humidity of the igniter beiow 70 percent. To do this, end
closures were installed over the motor exhaust nozzles for shipment
and handling and were removed before firing. Igniter and grain
combinations were therefore qualified at 70 percent RH and the motor
assembly (with nozzle closures) to 100 percent RH.

o During the vacuum conditioning, the motors were held at
70°F. After rewzving from the conditioning chamber, the moctor was
installed in the test fixture, the firing chamber pumped to altitude,
and the motor fired as quickly as possible. The motors were thus
exposed to ambient temperaturé only about 1.5 hours, and the effect
of temperature differences on motor performance should be minimal.

-5

9



i odpiuind vt
WOE 3TV POINITTL PO WOTLHS Wy "1
wpishiag 3w S1qd 10w} mdxy - o
=J1éde re WII-FIT @ nra
0Z1-871 Jed peygmmeny

-1
(saaa3ym 1) GAMINs
sdeans PuTust IIpues-».

1
£
228

O/R v sew) vadny ¢-wy i

n u b=

n u -~
SOONIA MLIVILITED .

o u e3romacs/n o (evizoe ¢ Y

3] T wi-g & P awizoe W,

Tt 18 wEmw | va “vea Weining 0/n v-va “«

°32$38353

41 e oxs -1
u 3 (%
° K-
e 151

Wujzays weyy €1c-1
1] 6l-¢ & -v.3jr1end (QiinY Waq) ”"e-1
p— b 29 Y OOV wIl-sNn uawinig O/R v-V% e
12 [ S
13 *0¢-1
” otc-1
19 =1
0 o ©0<-1

IV IN0VA 1O IBEI4
-t
o2
L

1384 000' 50T ATUIVHINOUALY  ovewmeecefin

N
D% b b M b nEn
£

[.24]
oft

”1
wny 03 €t

IX9U U} “oEeaSe el
2171918-00V 10] peen ‘lahdl [ 33] <11
Tt -t &1 300 ®Of 11V puw ujiw -933)3Tend (ApOILOw ‘$ag) e
Fuce u d m 1001 -mzof 1d80%® QZi-SYT | wergdetg 1wl QI (-v¥ ot

2 (191
T ol

TANET-VAR
»
o

MM M

o X m°
° H m

ootzzzzosooo

SINEPS 1LY {9 anogd 4L 18g 9 mox) (vanom) od&y 133038 sedg -mosey w019 ee) e
Tuyara L o Ty I RTIT 7 KT ~noy 13l ' oihid
L1 pyeny ¥ samjvisdee] ey

Dujacy Jypod-02g

ONINOILIUNOD TVINIWNOYIANI ONIYId-TYd dAC AYVWHNS

TYY "M4adv 7Y

10




It should ke noted that motor L-304 was used as a short-
term age test specimen. This motor was assewbled and stored until
6 April 196Z at the ambient conciricns ar the Aercnutronic facility.
The purpose cf this wa: to determine whether the free water in the
prepellant had an adverse effect on the hygroscopic BKNGj material in
*he igniter. No effects were noted; wotor firing characteristics
were completely normal.

3.2 CNALD FLOW BALANCING OF EXHAUST NOZZLE THRUST

A maior performance parzmeter for the spin motor is the
requirement of primary torgue vector alinement within 0.00¢ radian.
Tris requires control of the effactive thrust along each exnaust
nozzle centerline within (.50 percent. To mee: this requirement, a
procedure was developed to adjust the throat diaveter of the individual
exhaust nozzies after the complete marifold was assewbied. This pro-
cedure i3 outiined in Test Plans B-4 and B-I3 and is described more
fully below.

The tesi finture used in cold bslancing is the same one used
for firing qualification moters. This fixture iz shown in Figure 1.
It consis:s basically of a torque tube restrained ia torsion and sheser
at the lower end by a thin (0.050-in. stainless-steel) diaphragm acting
2~ a flexure pivot. At the upper erd the tube is connected to two load
-eils by push rods located at 90 degrees to each other te measure pitch
and yaw morents. The distance between the plane of the motexr exhaust
tubes and the diaphragm matches the nominal dimension te the capsule
center of graviiy and the transducer cutput calibrates direcily into
effective capsule pitch and yaw moments. Primary torque is measured
by strain gages on the torque tube near the base. The axial component
of thrust is not measured.

in early teats, it was found riecessary to cover the fixture
as saown in Figure 2, te elimirnate erroneous data resulting from
windage on the torque column and tempervature effects on the transducers.
The covers shield the fixture cumpletely, with only about 1/4 inch of
the exhaust nozzles protruding through. A plexiglass top was used to
perric obaervatisn of the zotor during test.

For c~1d balancing, the motor is assemtled with a productiocn-
type case loaded with inert grein. It is mounted in the tesr fixture
on three pads near the exhaust nozzles, duplicating the retromotor
nozzle cutouts, and attached at the ignite; end to the nitrogen tube,
duplicating the attachment to the retro closure plug. The nitrogen

11
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pressure is adjusted tc result {n a primary torque output of about
70 ft/1b. (Tests have shown thar the cold flow unbalanced torque
is not significantly affected by changes from 25 te 175 percent of
this nomiral vaiue.) Ali .-'d flow balencing is done at an ambient
pressure of about one psi (about 60,000 ft). Tests have shown that
the cold flow balance resuits are effectively conatant at altitudes
above 60,000 ft.

In balancing the exhaust nozzles, the manifold assemvly
is operated wirh nitrogen and the pitech and yaw components of un-
balanced torque measured. Theae are converted to an efifective load
(of known magritude sxd direction) in the plane of the exhaust tubes.
One or two niozzles (as required) are then enlarged to produce an
eifective load equal in wagnitude and opposite in direction and thus
reduce the unbalanced torque tco zero. The effect of enlarging the
nozzles is quite predictable, and an experienced technician can reduce
the unbalanced torque to an acceptsble value in three or four steps.
All flight and qualificastion test motors have heen balanced to a torque
vector misalinement of 0.0025 radian or less, compared with a speci-
fication value of 0.006 radian.

During cold flow tevt, the nitrogen exhausts at a&bout
2 1b/sec and is throttled fror: sbout 2200 psi to adbout 590 psi in the
motor chamber. As a result, the nitrogen feed line and associated
metal parts of the fixture are sever-ly chilled during the test, causing
fixture distortion and bias in the dsta. To isolate the tzue spurious
torque, each motor was tested in esch of the three angular positioas,
and frem the resulting threc apparent aspurious torgue vectors two were
computed: a vector fixed in magnitude &nd direction (fixture error) and
one of fixed magnitude but whose direction corresponds to the motor
position (motor error). Determined in this manner, the measurewments
of motor error in the three positions are equal within + 0.3003 radian
on the average. For hot firings, these temperature considerations do
not apply, &nd the fixture erruor is considered tc be zero.

The actual adjustment of nozzle diameter hss been done in
two ways. For the RA-3 motors, the nozzles were contoured during
final wachining; adjustment during cold flow was done with & 3/8-in.-
diameter abrasive stick with a tapered end. For the RA-4 maiors, the
nozzle throats were left as s straight bore during final wmachining.
The throat contouring and all subsequent sizing was done with the
special tool shown in Figure 3. Thie ool uses contcured stones on
& split, expanding mandrel to Gbtain matched contours in the throats.
As shown in Figure 4. i{i indexes on the inner surface of the exhaust
cone to maintain throat alinement. The mandrel is rotated manually.
Throat diemeters are read with a split-ball, dizl-reading hole gage;
dismeter measurements are repeatable within + 0.00065 inch.

11
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In general, the cold flow balancing procedure provided
predictable, consistent, &nd repeatable results. The change in the
spurious torque due to nozzle diameter change for the RA-4 motors
is shown in Figure 5. This curve shows that a change in nozzle
diameter of 0.001 inch caused 2 zorresponding change in tip-off
moment of about 5 i{u/lb. In sowe cases, particular manifold assem-
blies exhibited erratic spurious torque characteristics, or required

more than $.005 inch change in nozzle diameter to balance., During

the production of twenty «A-4 motors, two manifolds were rejected
for these reasons.

Nozzle diameter and balance information is8 summarized
in Table iV. Data are from motors which at the time of balancing
were considered satisfactory for *light or qualification test.

TABLE IV
MANIFOLD BALANCE AND DIAMETER VARIATIONM

Difference in Diumeter Betw:

Primary Tuorque Vector largest and smallest nozzle
Motor Sample Alinement (radians) single manifold (inches)
Series Size Maximum Minirum Average Maximym Minimum Average
RA-2 17 0.0045 ¢.00CC1 0.0021 0.0106 0.0608  0.00355
RA-4 18 0.0024 0.0GOL  §.00125 0.0038 (:.0002 0.002065

17
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SECTION 5

MOTOR FIRING TESTS, RA-2 MOTCRS

Data from the RA-3 firings are shown in Table V. All
firings since the start of the quulification program are listed in
chronological order. "Q" run numbers a.e those that were specified
as qualification firings at the time; "E" runs are experimental, and
the motors may incorporate minor changes from drawings and specifica-
tions.

Run numbers 104-Q through 149-Q are the RA-J qualification
firings. All but run 149-QG were made at sca-level ambient pressure.
Run 149-Q and all subsequent firings were made in the vacuum chamber
at Douglas, Long Beach, at a simulated altitude of about 105,000 feet
(about 0.135 psi ambient pressure). The test fixture shown in
Figure 2 was used in all RA-3 firings.

A ma jor per.. mance requirement for the spin motor is the
tip-off angle that the capsule can tolerate. Due to system geometry
required by other design considerations, very small differences in the
three exhaust nozzle thrust vectors can cause significant pitch and
yaw (tip-off) moments about the cupsule center of gravity. The spin
motor specifications visualize a2 steady tip-off torque (expressed as
primary torque vectcr misalinement) that i{s proportional to the
primary torque. Based on squared-off torque characteristics the
effective thrus vector magnitude error is limited to about 0.15 1b,
or to within aout 0.35 percent, specified as 0.006 radian wmisalinement
of the primary torque vector. Using this nominal and constant value,
the resulting tip-off angle and cross axis velocity components were
calculated for use in preliminary analyses of RA-3 dispersion.

19
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Actoally, in operating this close to null, the vector misg-
alinewent is random, varying in both magnitude and direction. To
determine the effect of the measured 1ip-off torques, motor f{iring
data were reduced on the digital computer, allowing accurate solution
of the free tody equations. It was found that relatively large tip-off
torque peaxs can be tolerated if the directicn is relatively random,
or if they ocrur later in the firing after the capsule has a degree of
stability fron the increasing angular velocity.

All motor firi.gs were aralvzed {n this manner, and the
final tip-off zngle is used as a perfornance criterion, rather than
specif .c values of torque vector =isalinement. The izsults of the

qualification f.rings have been used 1n final analyses of capsule
dispersion.

In tte early qualification firings, a large transient in
torque vector misalinement occurred during the first portion of the
firing. The tip-off torque data shcown in Figure 6 show this transient
cleariy. These :#ara are from Run 142-Q, and as .ed in Table V,
vesul:ed ir & -4, - .% »rthonunal vector of 0.02%. radian. It was
theo ‘izen tipar this (ransient vesulted from the exit nozzlies not flow-
ing iwi{, ani rersisted urtil ke .pstream pressure reached the level
correspoading to ull flow condit. wns. The change in pressure during
firing can be approximated by the -t.mary torque curve shown on
Figuee 5.

To check this theory, 7. - =otor for Run 148-Q was modified
by *+uncatiag the oxit nonzzles tc & .rea ratio of 2.25 (corvared

to i ilight motor ratio of 3.4) . that the nozzle would fiow full
at 23 ignition prussure. Th's .ted in the spurioue torque data
shown .n» Figure /7. Although th: snsient seems to remain, althougnh
highiy .. renuated, the tip-+If . ,ues shown result from thrust level
variations i l«ss than + 7 ° - '+ 0.75%) and could result from
random variazti +.. Sub.eq. - .irings of standard nozzles in a vacuum

did not confirm this, howe ., with tip-off torques similar to those
in Figure 5

On Run 172-E &n< subsequent runs, the mylar diaphragm used
to seal the downstrezm end of the grain was removed before firing.
The starting transient again disappeared, indicating that the ex-
pulsion of the mylar caused the transient. Subsequent tests have
confirmed this. Runs 172-E through 182-E show consideratle improve-
ment {n tip-off angle, although itEng still undesirably large.

-17-
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At that time, the exhaust nozzles were contoured during
manufacture, and resized as required for cold flow balaicing. As
previocusly noted, only one or two of the three nozzles were enlarged
in this process. The hot firing tip-off torques did not correlate
wit» the cold flow results, apparently because of the ninute differences
in the nozzle contour that resulted from balancing. O Runs 192-F
through 199-E, all nozzles were enlarged 0.003 inch wi:h the same tool
before bzlancing. Then they were balanced in t' normil manner. Tha
results are graphically apparent in Figure 8, which shows the data
from Run 192-E. The ratio of specific heats, temperature, density,
and flow rate of the cold flow nitrogen and hot exhaust gas are quite
different; complete similarity of the nozzlc contours is required to
allow correlation of cold flow and hot firi.g characteristics.

Another possible cause of the tip-off torque variation is
the flow disturbance downstream of the primary nozzle ir the manifold,
caused by shocking from sonic tc subsonic flow. Two test motors were
buiit with the primary nozzle removed. To retain the same motor output
characteristics, it was necessary to reduce the chamber pressure from
800 psi to about 300 psi, that which prevails upstream of the exhaust
rnozzles in the standard motor. The mixture ratio and oxicdizer grind
ratio of the stock grain were altered to provide the burning rate re-
quired at the reduced pressure, resulting in an increase in burning
temperature from about 3700 to 4200°F. These motora were fired in Runs
193-E and 199-E; tip-off angles were less than 0.007 radian. Subsequent
tests indicated, ruwever, that no significant {mprovement in tip-off
torques could be obtained by elimination of the orifice alone, as dis-
cussed later in the RA-4 firings. Rather tha. arbitrarily make such
a major change in the basic motor design, the priwmary orifice vas
retained.

The performance of the RA-3 spin motor, as predicted for
flight motors, is summarized in Table I of this report. To make tihis
prediction as reliable 2s possible, care was used to base each para-
meter on motor tests that were truly representative of the corresponding
characteristics in flight motors. Also, experimental as well ag quali-
fication test data were used where the data were representative. The
test runs used in computing each of the parameters are listed in Table VI,
in addition to the specific reasons for not using those runsz consideved
non-representative of flight motor performance.

21
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TABLE VI

PERFORMANCE DATA SELECTION FOR RA-3 FLIGHT MOTORS

Parameter Runs sed

Tip-off Angle 172
174
178
182
182

Specific impulse, burn 114
time, roll rate 118
127
141
142
i59
164
169
172
174
176
182
192

Runs Not Used and Reason

104 thru 16?2 - These motors hsd myicry
diaphraogm

176 - Marginel ignition performsnce
193, 199 - Non-standerd configuraticn;
Low pressure grain

104 - data not availsble

120 - data not available - firing on
special spin-up fixture

148 - Non-standard configuration - exit
nozzles trimeated ro 3i--:late vacuum firing
145 ~ data notr aveilable

179 - Marginal igniter performance

192, 199 - Hon-standard configuration;

Low pressure grain

(Note: ISP not available from run 169)
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SECTION &

HOTOR FIRING TESTS, Rb-» WOUTUAS

From the results of the kia-3 firings, it wes apparent thst
with relatively winor design changes, the spurious torgue performance
of the spin motor could be significantly improved. The changes that
were incorporated are as follows:

(1}

(2)

(3

%)

(5)

The mylar seal and epoxy spacer at the downstreaxm
end of the grain vezre removed.

The exhaust nozzles were contoured and sized with
a special grinding tool.

The GAI-3A igniter was replaced with a tailored
igniter uaing all BKNO3 as the ignition charge.

The configuration of the igniter installation
sesl was wodified to increase the seal reliability.

The oxidizer coarse/fine grinu ratio was changed
from 46/23 to 40/29 to slightly incresase the
burning rate.

In addition to the spin motor product improvement program, a
concurrent test program was conducted to determine the effects of the
spin motor exhaust geses on the capsule tip-off torqua. These tests
involved the use of a test fixture that simulates the ssparation systems,
s0 the spurious torque performance of the spin wotor cannot be iscvlated.
Pour of the RA-4 qualification tests were conducted on this fixture.

The spurious torque data from these firings are included separately;
other parameters of niotor performance are included with the results
of those conducted on the torque fixture.

-23-
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Naca from tlie RA-4 firinge are shown in Table VII. All
firings since the stari of the Engineering Product Improvement
program atre listed in chronological order. Q" run number: are those
that were specified as qualification firings at the time; "E" rums
are experimental, and the motors may incorporate minor changes from
drawings and specifications.

Motors used in test numbers 214 through 219 were {ntended
to confirm suitability of che design changes and to determine the
effect of eiiminating the primary orifice. Runs 215 and 219 used
the fow pressure (o primary orifice} moters. From the resulte of
these tests, it was concluded that the improvement in spurious torque
chacacteristics was due primarily to che changes in exhaust nozzle
coniLowr and deletion »f the mylar diaphragm. Rather tban consider
suth 2 major change in mctor design, the low pressure system was
dropped.

During fabrication of the RA-%4 motors. twe different nozzle
rrimming tools were used. From the carly test results it appeared that
the spurious torque performance of motors builz with tocl No. 2 was
infericr to those usiag Nc. 1  Consequently, only four wmotors were
bulilt using tocl No. 2. Thege were fired in test numbers 230, 248,
249, and 262. All flight -.otors were buiit using nozzle tool No. 1.

Tests number 264 and 266 show excessively large tip-off
angles. Drring balancing of these manifolds, it was noted that the
internal cylindricel section that results from rough machining was
shorter than normal on one of the nozzles. This dimensfion ia not
cont¢olled directly, but rather {s determined by the intersection of
the throat diameter with the entrance and exit cunes. Although the
assemblies appearel to balance in the normal manner, the variation
in appearance ard “"feel” w.s recorded on the balance data sheets.

Even so, the mctors were specifically not assigned for flight, but
were considered satisfactery for qualification test. From the firing
test results, this was obviously an error. Figure 9 shows the primary
and spurious torque curves for Run 252. These results ere typical of
the RA-4 motcr performance. The results of Run 266 are shown in
Figure 10. The pitch and ysw torques are relatively constant and

are of lLarge magnitude, indicating steady performance but no correla-
tion with cold flow balance. Because of the knowr variation in nozzle
contour in these motors, the resulting tip-off dats sre not usad in
predicting filight motor performance.

28
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The performance of the RA-4 spir motor, as predicted for
flight mctors, is summarized in Table II of this report. To make this
prediction as reliable as possible, care was used to base =ach para-
meter cn motor tests that were truly representative of the corresponding
characteristics in flight motors. Also, experimental as well as quali-
fication test data were used where the data are representative. The
test runs used in computing ¢ach of *ne parameters are listed in Table VIII,
along with the specific reasons fur not using those runs considered non-
representative of flight motor performance.

TABLE VIII

PERFCRMANCE DATA SELECTION FOR RA-4& FLIGHT MGTORS

Parameter Runs Used Runs Nou Used and Reason
Spin motor 214E, 252Q, 215E, 219E,-Lovw pressure grain, 218E -
tip-off angle 253Q, 260qG. O'ring clamped in throat

261Q, 272Q, 230Q, 249Q, - Nozzle tool No, 2

248Q, 254Q, 262Q, 265Q, -
Fired on gas dynamic fixture,
264Q, 266Q, 270E, 271E, 274E -
Non-standard configuration in exit

nozzles.
Gas dynamic 254Q, 262Q All other runs not made on this test
tip~off angle 265Q fixture, except 248Q - data lost due
to failure of symmetrical vent,

Specific impulse 248Q, 249Q 215E, 219E - Low pressure grain
burn time 252Q, 253Q All others - temperatures conditioning
capsule roll rate 254Q, 260Q, was done during vacuum. Vsriations

261Q, 264Q, from short, or no tempexature (vacuum),

265Q, 266Q, conditioning may invalidate data.

279Q, 271Q,

32
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SECTION 7

TESTING OF SPIN-UP SYSTEM

7.1 TEST SET-UP

In addition to the tests of the spin motor as a component,
tests were conducted on the entire spin-up syster.. The test fixture
gsinulated the bus-zapsule system to the degres necessary to provide
representative dynamic loads on the capsule from the spin motor exhaust
gases,

All tests were conducted in the Douglas Aircraft Company,
Long Beach, vacuum chamber. The test fixture is described on Drawing
805816; flight hardware use! in the variocus tests included the motor
eupport structure (Drawing 800003), the symmetrical vent (Drawing 800112),
the radiation shield (Drawing 80CG120), and the spin restraint (Drawing
800131). The test fixture set-up in the vacuum chamber is shown in
Figure 11.

All tests were conducted at a pressure of about 7 mm Hg,
equivalent to an altitude of slightly over 100,000 feet.

The test fixture was designed to allow capsule-bus oriéntation
through 360 degrees of rotuation on the Z-axis and ttough 21 inches of
separation along the Z-axis. The separation acceleration and velocity
due to both spin motor axial thrust and exhaust gas pressures were
simularad; the angular acceleration of spin-up was not simulated. Angular
orientation and separstion position were obtained by rotating or travers-
ing the bus simulator; rstetion velocity was about 0.5 radians/sec. Both
th. capsule and bus simulators are essentially rigid in rotstion about the
K and Y axes. With rerpect o transverse loads at the plane of the spin
mozor exhaust nozzles, the spring rate of the cepsule simulator is about
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45,000 1b/in. The spring rate of the bus simulator for loadg in the
three axes is from 1700 1b/in. to 3500 lb/in. depending on load direction.
The flexitility of the bus relative 1o the capsule presents difficulties
in analyzing the spin restraint test results.

7.2 SPIN RESTRAINT

During the development and test firings of the RA-3 spin motors,
considerable difficulry wae experienced in reliably obtaining spurious
torques at the low level required. At that time, the desirabilityv of
incorporating a restraint device for the spin-up period was recogniced
and implemented. Subsequently the spin motor performance indicated that
the restraint was not essential, but it was retained as further assurance
of minimum tip-off from spin motor spurious torque.

The spin restraint used on RA-4 and RA-5 utilizes the larye
inertia of che bus to furnish restraining shear loads at the plane of the
spin motor exit nozzles. The restraint acts for slightly less than one
inch of capsule separation. Restraining loads are applied to the central
hub of the spin motor and are transferred through spring loaded arms to
the bus structure. The flight spin restraint is shown in Figure 12 on
the vibration test fixture.

In limiting the capsule tip-off, the sigrificant restraining
r2rind is that before spin-up is started and during the first portion
of the spin-up when the angular velocity ie low. As the rotational speed
increases, the {gyroscopic) inertial stiifness increases 2s the square,
so the need for restraint rapidly diminishes,

To determine the optimum restraint length, a computer program
was set-up representing the dynamic syastem, and a series of runs were
made to determine final tip-off angle versus restraint length. The model
sz3umed restrsint 4in zhe lateral direction at the spin motor hub, but
assumed no angular restraint. Spin-up torque applied was from a typicel
actual spin motor firing. Tip-off torque was assumed to be a constiant
2 fc-1d

The tip-off torque was applied two ways: (1) body fixed - that
is. as {f the misaligned primary torque vector rotates with the capsule,
or as L{f the equivalent tip-off load in the plane of the spin motor
nozzles rotates with the capsule, and (2) space fixed - that is, as if
the misaligned torgque vactor stays fixed {n relation to the bus as the
capsule rotates. The body fixed case corresponds to all tip-off load
being generated as s constant, thrust misaiigmment in the epin motor; the

3.



FIGURE 12. FLIGHT SPIN RESTRAINT ON VIBRATION TEST FIXTURE
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space fixes case corresponds to all tip-cii loads being generated as a
bus function - for example, by unbalanced pressure on the retro nozzle,
possibly resulting from unsymmetrical venting of apin motor exhaust gsees.

The results of these calculations are showr in Figure 13. It is
noted that for a body-fixed aspurious torque, the optimum length of restraint
is about 2 inches, and that about 75% of the benefit obtainable is provided
by @ l-inch restrsint. The l-inch length is very convenient, since it aliows
fized restraining fingers to be insertsd between the spin motor exit tubes.
The fixed relationship between angular and linear acceleration of the
capsule insures separation ¢f more than one inch betore rotating to a
pozition of interference.

In its final configuration, the restraint consists of a center
hub contacting the #pin motor at three puints. Teflon shoes are used at
the contact points. The restraint is supported on three legs which are
spring mounted to the bus structure. The spring rate is about 340 1lb/in.
for eny deflection in the plane of the restraint. This allows motion
during the boost phase vibration when the restraint loads are high, but
restrains the capsule during spin motor firing, when the lateral loads
are small - less than 1 pound for the results shoun in Figure 13, and
lese than 1/2 pound predicted from motor test dates.

The spin reatraint was tested in vibration as part of the complete
capsule system. The effect of the restraint loade on the vibration modes
of the capsule vas negligible. No undesirable effects on the spin motor
installation were cbserved.

The restraint was installed {in the separation test system for
firing tests. The installation in the bua simulator is shown in Figure 14.
Linear potentiometers were attached to the hub to monitor restraint
position relative to the bus.

In mating tests with the carsule simulator, it was determined
that the best installation that can rz2asonably be madc results in a lateral
off-set of about 0.003 in. From pravious firings it appears that this
laceral displacoment of the spin motor hub at approximately l-inch uepara-
tion i{s equivalent to 0.005 radians or less finsi tip-off angle. Tais
ccaparison is quite conservative, since the comparative tip-off angulsr
v2locivies would not apply with the rustraint in pluce.

It vas found during cold flov test that the gas pressures on

ths bus cause it ic deflect, rasulting in 8 transverse {(upward) displace-
nant at the apin restraint. The displacement 1is in the order of 0.025 inch

K4
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At a spring rat2 of 340 pounds, this is equivalent ' . a load of 8.5 pounds
or & tip-off moment of about 250 in.-1b. This must be subtracted out of
test firing data for tip-off analysis; it does not zpply to the actual
separation, of course.

In general, the zpin restraiat performed satisfactorily, show-
ing no tendencies toward resonant vibration, excessive deflectior, or
binding. Specific firing test results are included in following sections
of this report.

7.3 COLD FLOW TESTS ON THE GAS DYNAFIC FIXTURE

Cold flow tests were conducted -n rthe gas dyammic fixture to
(1) gain an insight into the nature cf the xa. Z,..™ic induced (spurious)
torque, (2) establish a criteria for the design of a spin resiraimt, and

(3) determine the least favorable capsule-bus orientatiom for the live
motor firingse.

It was required to determine the functional relationship of
spurious torque phase and magnitude, to separation distance, rotastionm,
and subsequently time.

The set-up was mads in the DAC vacuum chamber using a spin motor
assembly which had first been bsianced by a three position cold flow in
the "static test fixture".

Transducers were mounted on the gas dynamic fixture for the
measurement of (a) spuricus torgue sbout two orthogensl axea and (b) pres-
sures on the retromotor dome and nozzle. The calibratione were made using
mancme” cr and dead-weight references.

Initial cold flow tects were conducted at a fixed rotstion and
separation, with the symmetrical vent in position. The altitude was
approximately 60,000 feet. Kotation was in 15-degree incraments over
& 120-degrec sector whiie aseparation \ias ia 2-iach increments over &
distance of 21 inches. Saparation éistance is zero with thes bus and
capsule mated, and increasas in pcsitive magnitude as 2he capsuls separstes.
The angular position zerc reference is shown im Figure i5. The magnitude
and sign of the two zrihogonal componerts of spurious torque were recorded
at each positicn of sepsration and rote:ion (Rune 381 to 479, FPedbruary 5,
1962) . The magnitude and phase of the actor were then plottad oe polar
coordinates, for a 0- to 21-inch separat.'on distance, with rotation (0 to
120 degrees) as & paremetor. It hkad been hopad that the phsss of the
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spurious torque would indicate some pattern of consistency for various
relative regular pcsitions, i.e., either remsining constant indicsting a
body (capsule) fixed phencmena or rotating in a manner analagous to bus
rotation iudicating a space (bus) fixed phecomsna. However, no pattern
of consis.ency became apparent; the phase appeared to be uniformly random.
A consistent pattern was revesled, however, in the abgzolute magnitude
versus separation distance (time) as shown in Figwre 16. As can be seen
there was an initial torque unbalance of 10 in.-1b which built rapidly

to a valuz of 50 in.-lb and then rapidly diminished to near its original
value.

It was discoverszd at this time that the symmetrical venting
device had been weakenes by the repeated cold flow tests. Thus & sheet
metal aluminum liner @as added to its interior to provide stiffening.

As later becane spparent, during the hot motor firings, it was this step
which severely altered the nature of the measured spurious torque.
Eliminated was the large spike st 12 inches (0.86 sec) of separation.
This spike was apparentily due to an impulse imparted to the retrowmotor
nozzle by & buckling of the symmetrical venting device.

Subaequent to the¢ gathering of the foregoing data, a Quesation
srose as to whether sonic flow waz being incurred at the exit of the
symmetrical venting device. Taus dynamic separation teste were conducted
in which the nature of the cpuricus torque was observaed for various alti-
tudes. It was obsarvad that there wes & considerasble variation in the
magaitude of the spurious torque for altitudes less then $C,000 fest; it
became oscillatory at altitudes less than 40,000 feer. Since the earlier
tests had been run at altitudes of only 60,000 feet, their validity was
qQuestioned. The flow may not have been sonic at the exit ¢f the symmet-
rical venting device. Subsequent cold flov tests were conducted at
altitudes of 110,00C feet which representsd near ultimate chambter capa-
bilities.

Additional dynamic separation cold flow tests rexe conducted
over & 120-degree seporation angle sactor in 15-degree increments. Data
were gathered (a) with the symmetrical vent and radistion shisld in
position and (b) without the symmetrical vent, but with & simulated
thermal radiation shield in position. It was necessary to use a8 gimulated
radiation shield, since the multilayer mylar shield is severely damaged
and vnusable after a few cold flow tests. The shisld consisted of a
sneet metal aluminum cylinder, 12 inches in height, whichk was mounted
epproximatsly 3 inches abova the bus iaterfacs.
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L polar plot of the spurious torque vector {with separation
angie as a parameter) for a 0- to 2l-inch separation diasrerte mede evident
what appeared to be a eystematic error in the data points. The phase or
the vector, although random, was confined to & single quadrant. The indi-
cated spurious torque appeared to be the sum of two vectors: (1) a very
larze systematic component, attributable to fixture errer and windage which
conceivably varied with separation distance; and (2) a relazively small
component representing the effects of gas dyramics. Thus to evaluate the
effect of gas dynemics, it became necesasry to first determine the system-
atic ervror of measurement which existed at each point of separation. The
vector difference between this latter quantity and that recorded represented
the effects of gas dynamics,

To evaluate the systematic error it became necessary to gather
dynemic separatiocn data over a range of separacion angles covering 360
degreer rather than only 120 degrees. The mean (for all separation anglea)
of the indicated spurious torque vactor as & particular separation distance
represents the systematic error of measurement irrespective of whether the
gas dynamic portion of tlie measured torque is bus ixed or uniformly random.

The data with #nd without the symmetrical vent were treated in
this manner. For each s paration distance the mean (for sepsration angles
O to 360 degrees) cf the spuTious torque components was computed, and the
residuals, representing the magnitude of the orthogonal components of gas
dynamic torqua, were evaluated. Polar plots of these dsta again indicated
no correlation of phasze with separation angle, i.2., the phase appeared
to ba & uniformly distributed random phenomena; neither space or body
fixed. Again, however, the absolutes megnitude versus time shows as sys-
tematic variation.

The mean magnitude (considering all ser-ration sngles) of the
spuriouz torque versus separation time with the synmetrical vent in
position is shown in Figure 17, The spuricvus torque is spproximately
constant at one fcot pound from O to 14 inches; thereafter the effecte
of gas dynamics repidly diminish and the spurious torque assumes a value
equal to the inhkerent motor uanbalance.

The mean values of spuricus torqus were cross plotted as a
function of capsule angle, using all values from O to 21 inches separa-
ticn at cach angle. This is shown in Figurs 18. Tha function is sinus-
oidel in nature with & range of & to 16 in.-lb; peaks occur every 120 degrees
of separation engle. With the exception of a phase shift, there were
similar resvltes found for the case without the symmetrical vent. It was on
this basis that a separation angle of 0 degree was selected for the first
live motor firing (No. 248) on the gas dynamic fixture.
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Figure 19 presents precosure traces typical of those obtained
during the foregoing ccld flow tests. Typically there was a large (0.25 psi)
preasure build<up inside of the supporr structure during the first 0.2 sec-
onds (1 inch) of separatiocn which rapidiv diminished to hetween 0.06 and
0.08 psi for the remainder of the run. In each case the direction of the
differential pressure across the retromotor nozzle was found to correspond
with the phase of the spurious forque vector of the spurious torque vector.

7.4 MOTOR FIRING T=STS

A total of four firings wei~ .ade on thz gas dynamic fixture.
In Section 6 of this report 13 ir luded a discussion of the tip-off
characteristics. The foll.wing dec~ription gives additional detzils of
the system operation.

Run No. 248, Harch 16, 1962

(1) Test Configurstion

(&) Spin Motor S/N L-308
(b) Radistion Shield 802120 A (w/o biack cover)

(c) Symmetrical Vent 800112 A (Plastic part
w/o reinforcemen?)

d) Bus angle 0 degree - did not rotate during run

(e) Fired in closed position - ceparate at normal
axial acceleration

(f) Fired at pressure altitude of 103,000 feet.

(2) Test Results

The symmetricsel vent was severely damsged. It apparently
buckled outward in the lower third (above the heavy section) in the area
of impingement of the spin motor exhaust. The upper edge buckled in with
a fluttering action =nd contacted the retronozzle in at least nins places.
Coatact areas were spaced about 120 degrees urcund the nozzle, approxi-
mately in line with the spin motor nozzles, and at sepsiation distances
from 8 to 14 inches. The pcints of contact can be seen clearly at one
nozzle in Figure 20. As a reesulc, the tip-off data were invalid.
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The radiation shield showed oniy superficial heat damage. A
gsymmetrical ven: modification 1as initiated as & result of this test.

Run No. 254, March 26, 1962

(1) Test Configuration

(a)

(£)

Spin Motor S/N L-314
Radiation Shieid 802120 A (w/o black cever)
No symmeirical vent

Bus rotated at cunstant angular velocity of
ebout 0.5 rad/sec.

Fired in closed position with ncrmal axiel
accelerations

Fired auv pressure altitude of 102,000 feat

(2) Test Results

The radiation shield sam seversly damaged. It waa completely
biown away on cne side except for 2 marrow porticn in the attaching are .
The opposite side was billowed forwsrd shbout 6 inches over the end of the
motor support structure. The retronozzle marking {ndicatsd extensivs radia-
tion shield contact over zhe lower 12 iaches. This is shown clearly im

Figure 21.

Run Ko. 262, April 7, 1962

(1) Test configuration

(a)
(b)
(«)
d)

(e)

Spin Motor S/N L-304

Radiation Shield 8G0120 B (w/black cover)
Symmetrical Vent 800143 (w/aluminum reinforcemsnt)
Spin Restraint 800135

Bus ‘'ngular position 180 degress; did not
rotat+ during rua

-46-
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(f) Fired in closed position, wich normsl axial
accelerations

(g) F¥ired a pressure altitude of 105,000 feet.

(?) Test Results

The symmetrical vent and radiation shield showed superficial
damage . nere were no indications of contact with the retro simulator.

During the firer 100 maec, rhere was indé{cation of hig:r *i; ~ff
torque (10 ft-1b,. It was subsequently determined that this was caused
by deflection of the bus simulator due to internal gas pressure. The
amount of deflection was estimated from cold flow, and the corresponding
tip-off moment subtracted out of the data for tip-off analysis.

The spin restraint apparently performed satisfactori'y. In
spite of direct exhaust blast on the attaching arms and springs it re-
turned to zero after the firing, with the spring constant unchanged.
There was heavy deposit of exhaust residue on the exposed spring leaves.
The set-up after firing is shown in Figure 22.

Run No. 2A°, April 11, 1962

(17 Test Configuration

(s8) Spin Motor $/N L-312

(b} Radiation shield and symmetrical vent used
from previous firing (Run No. 262).

(¢) Spin Restraint 800135 - modified. The teflon
shoes were removed from the restraint, and one
lug was ground down to allow clearance for the
bus deflection.

(d) Bus zangilar position 180 degrees; did not
rotate during firiag

(e) Fired in closed porition, with norm 1 axial
accelerations

(f) Fired at pressured altitude of 105,000 feet.

e






(2} ‘esr Results

No chenge in the corsiition of the hear shield or svmetrical
vent could be observed. erformance of the entire system appeared to be
gacisfactory.

With the spin restraint i<ljeved,the tip-off torques read
directly as 'no reatraint" torgques. vhe tip-off load ceused by the spin
restraint was computed from the measures deflection of the restraint and
superimposed on the recorded torques. Thz cesults were analyzed both with
and without restraint, and aze ts:uiated in the summary.

The temzerature of the exhsust gaser was measured at various

places ir ine bus and on the capsule. The dati for seversl lccations,
with and without the symmetrical vent are shown in Figuve 23,

24
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SECTION 8

SURVEILLANCE FIRING OF SPIN MOTOR

To check the aging characteristics of the spin motor assembliy,
a flight type motor was stored for about %0 days before firing. This
assembly consisted of the following:

Case S/N L-60
Manifold S/N L-110
Ignitor S/N L-34
Asgsembly Date 5-14-62

The components and assembly procedures were ir accordance with
flight specifications in &ll respects, except that the manifold was
rejected for out-of-tolerance spurious torque after cold flow balancing.
The motor was assembled at a reletivaly humidity of 50% - the upper limit
of the specifications.

The motor was fired on August 17, 1962, after 72 hours at a
vacuum of about 12 u. The nczzle caps wers removed for the vacuum soak.
The motor was fired at atmcspheric pressure; the data listed below were
converted to vacuum for comparison with previous qualification test data.

Qualification Data Surveillanca
Pax amet uy Min Max Avg Round
Burn Time to 5% (sec) 1.10 1.19 1.14 1.10
Specific Impulss (sec) 204 210 208 210
Capsule Roil Rste 31.89 33.75 32.7¢ 32.90

The ignition delay has not baen tabulated ss & line ftem, but it
is consistent vith previous firings.

In summary, the surveillance firing appeared complately typical

in &ll reapacts.
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